natriuretic peptides (np) are important in maintaining normal cardiac and metabolic status and have been used to predict cardiovascular events. Whether plasma concentrations of np products within the normal range reflect cardio-metabolic health is unknown. Plasma NTproANP, NTproBNP and NTproCNP and their bioactive counterparts were measured in a random sample of 348 community dwellers aged 49-51 yr without heart disease and associations sought with established vascular risk factors, echocardiographic indices and a genetic variant previously linked with BNP. Stratified by sex, each of ten vascular risk factors were positively associated with ntprocnp whereas associations with NTproBNP and NTproANP were all negative. In both sexes, higher plasma NTproCNP was associated with higher arterial elastance, lower LV stroke volume and lower LV end diastolic volume. Exactly opposite associations were found with plasma NTproBNP or NTproANP. Sex specific differences were identified: positive association of NTproBNP with LV end systolic volume and the negative association with LV elastance were found only in males. The genetic variant rs198358 was independently associated with ntproBnp but not with ntproAnp. in conclusion, higher ntprocnp is likely to be an adaptive response to impaired LV relaxation whereas genetic factors likely contribute to higher NTproBNP and improved cardio-metabolic health at midlife.
, and is thought to have important roles in regulating pressure and flow in the microcirculation 6 . CNP is also expressed in myocardial tissues though its contribution to cardiac performance in humans remains unclear 7 . Plasma concentrations of bio-active CNP are low and close to limits of detection in keeping with rapid clearance and degradation at source but a processed bio-inactive component of tissue proCNP (aminoterminal proCNP, NTproCNP) can be readily measured in plasma 8 . In contrast to the cardiac secreted peptides, concentrations of CNP products in plasma are unlikely to be subject to regulation. However, consistent with upregulation of CNP gene expression in the vascular endothelium 9 in response to vascular stress 10 , we find positive associations of plasma NTproCNP with . Collectively these findings suggest that vascular -and possibly cardiac stress -contribute to circulating levels of NTproCNP in adults. Although favourable effects of ANP/BNP signalling on lipogenesis and metabolic risk have been documented in community studies 13, 14 , whether higher levels of these peptides within the normal reference range also associate with favourable effects on cardiac performance is unknown. Clarifying the relationships of natriuretic peptides (NP) with cardiovascular health -for example at mid-life when risk of events is increasing -is therefore a key issue particularly in the light of the reported positive association of BNP peptides with increased cardio-vascular risk in older subjects 15 . Here this issue is addressed in a study of 348 community dwellers aged 49-51 yr -after excluding those with known heart disease -recruited as part of the Canterbury Health Ageing and Life Course (CHALICE) health survey conducted in Christchurch New Zealand during 2010-2013 16 . Because of the known interactions among bioactive forms 17 , and the singularly low levels of CNP in plasma, we used the aminoterminal forms of each NP in these comparative associative studies. For completeness, the bioactive forms were also measured.
Results
Demographic clinical and laboratory findings. Of the 404 participants (50% female), 78% reported NZ European ethnicity and 15.2% reported Māori or Pacific ethnicity. Thirty subjects had previous heart disorders (myocardial infarction (14 subjects), angina (9 subjects), cardiac arrhythmia (23 subjects),heart failure (5 subjects)) and therefore were excluded from analyses. In a further 26 subjects, blood samples were unavailable for analysis. Details of the remainder (348 subjects) are shown in Table 1 . At study recruitment, 10.5% were receiving hypotensive therapy, and 9% were taking lipid lowering drugs. 14% were active smokers. In 45 subjects echocardiography was not performed. With respect to sex differences, significantly higher waist, stroke volume, LV mass, LVEDV, LVESV, hs-Troponin, plasma albumin, urate, creatinine, eGFR, GGT, lipids, hematocrit (HCT) and NTproCNP values were found in males whereas LV and arterial elastance and plasma NTproBNP and NTproANP were all significantly lower than those of females. Concentrations of bioactive forms showed the same sex specific changes as their N terminal forms (Table 1) .
Univariate associations of natriuretic peptides with risk factors and echocardiography findings. Aminoterminal peptides. As shown in Table 2 , across all subjects, significant inverse associations of NTproBNP with a wide range of variables were identified whereas associations of these with NTproCNP were mostly significantly positive. When analysed separately by sex, significant negative associations of NTproBNP with established vascular risk factors (BMI, waist, urate, GGT, HOMA, Total Cholesterol, Chol/HDL ratio and HCT) were found in both males and females. Negative associations of renin and aldosterone were confined to females, and association of TG with NTproBNP was only observed in males. Associations of NTproANP were broadly similar to those found with NTproBNP in both sexes except for associations with renin (NTproANP stronger in males) and urate (NTproBNP stronger in males). The negative association of both peptides with TG was stronger in males. With respect to plasma NTproCNP, significant positive associations with creatinine and GGT were found in both sexes; hs TnT, HOMA, Chol/HDL, TG and HCT were significant only in females, and renin and urate only in males. As shown in Fig. 1 , associations of ten established VRFs with NTproBNP and NTproCNP were all in opposite directions in both males and females.
Associations of echocardiography values with respective peptides are shown in Table 3 and Fig. 2 . In both males and females, stroke volume was positively correlated with plasma NTproBNP and negatively with NTproCNP. No significant associations of any NP were observed with LV end diastolic wall stress. In both males and females positive associations of plasma NTproBNP with LA area and E/A ratio were found whereas positive associations with LVEDV and LVESV were identified only in males. Similarly the significant negative associations of NTproBNP with LV and arterial elastance were confined to males. With respect to NTproANP, associations were similar to those found for NTproBNP in both sexes excepting those with LVEDV and LV mass in females (NTproANP stronger in both) and with LVESV (positive associations were identified with ANP, NTproANP, BNP and NTproBNP, but only in males). Positive associations of both NTproANP and NTproBNP with ejection fraction were stronger in females. Consistent with the negative associations of stroke volume with NTproCNP, positive associations of NTproCNP with arterial elastance were found in both sexes. Negative associations of NTproCNP with LVEDV in both sexes, with LA area and LVESV in females, and with LV mass in males were also noted. Again, for r values exhibiting significance, most of these were opposite to those found with NTproBNP (Fig. 2) .
Since some subjects may have subclinical diastolic dysfunction, a sub analysis was undertaken after exclusion of those with abnormal E/A ratio (<0.85, n = 23) and or E/e' (>12, n = 52) 18 . In the remainder with normal diastolic function (n = 234), relationships of NPs with E/A were unchanged. However in both sexes the negative association of NTproCNP with LV volumes, LV stroke volume and the positive association with arterial elastance were all attenuated ( Table 3 ) whereas those of NTproANP and NTproBNP were largely unchanged. The negative association of NTproCNP with LA area in females (opposite to that of NTproANP or NTproBNP), and the negative association of NTproCNP with LV mass in males remained significant in these subjects with normal indices of diastolic function.
Bioactive peptides. Associations of ANP, BNP and CNP with vascular and metabolic indices are shown in Supplementary Table 1, and with echo parameters in Supplementary Table 2. Overall, while directionality was retained, similar to aminoterminal forms, associations of ANP or BNP with vascular or with echo data were weaker or not significant. With respect to CNP, association with vascular and metabolic indices were also weaker compared to those of NTproCNP. However in contrast to NTproCNP (significant only in men), CNP was positively linked to renin in both sexes. As expected, associations of CNP with creatinine were not significant in contrast to the highly significant positive associations of NTproCNP in both sexes. As noted for the ANP and BNP associations with echo findings, those of CNP were also reduced -stroke volume and arterial elastance excepted -compared to those of NTproCNP.
Multivariable linear regression analyses. The relative strengths of risk factors associated with concentrations of each individual peptide were assessed separately using multivariable regression analysis. In addition to the 10 factors identified by univariate analysis (Fig. 1 ), the initial model also incorporated sex, echocardiography 
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NTproBNP (pmol/L) 11. www.nature.com/scientificreports www.nature.com/scientificreports/ parameters (LA-area, E/A ratio and LV Stroke volume), and smoking. The results show that for NTproBNP, sex (P < 0.001), HOMA-IR (P = 0.002) and E/A ratio (P = 0.013) remained independently significant associations (Table 4 Model 2). For NTproANP, sex (P < 0.001), LA-area (P < 0.001), HOMA-IR (P = 0.002), Chol/HDL ratio (P = 0.021), E/A ratio (P = 0.023) and creatinine (P = 0.044) remained independently significant associations (Table 4 Model 1). For NTproCNP, creatinine (P < 0.001), LV Stroke volume (P = 0.002), GGT (P = 0.002), sex (P = 0.004) renin (P = 0.016) and smoking (P = 0.04) remained significant (Table 4 , Model 4).
Effect of absolute plasma NTproBNP concentration on vascular risk.
Anticipating that the negative association of NTproBNP with risk will reduce or change direction at higher plasma concentrations, significance of associations with a composite index of risk (employing internationally recognized cutoff values for systolic blood pressure, lipids and HOMAR-IR) 11 was calculated in each sex according to selected cut-off values. In males, using NTproBNP cut-off values from <13 through <25 pmol/L, negative associations remained significant with vascular risk (range of r values −0.44 to −0.49). However for NTproBNP concentrations >25 pmol/L, the association with vascular risk was positive. In females, where plasma NTproBNP levels are approximately 2-fold those of males (Table 1) , similar negative association with risk prevailed at concentrations from <13 through <25 pmol/L. Values exceeding these showed no significant relationship to risk. cardiovascular events. In the 5 year follow-up period after the initial study visit, when study bloods were collected and cardiac echocardiography was performed, 5% of the study participants were admitted to hospital for one or more cardiovascular events. Baseline NTproBNP or NTproCNP concentrations for male or females subsequently hospitalised were not significantly different from values of study participants remaining free from cardiovascular events.
Genetic polymorphisms. Since a significant positive association of the SNP rs198358 with plasma NTproBNP was found in our previous study -where higher levels of the peptide were also associated with reduced risk -the same analysis was made in the CHALICE cohort. A significant positive association with levels of plasma NTproBNP (P = 0.008) was found using a dominant model. Including this variant in the multivariable regression model (Table 4 , Model 3), backwards stepwise regression revealed that sex (P < 0.001), HOMA-IR (P = 0.001), rs198358 SNP (P = 0.002), E/A ratio (P = 0.008) and urate (P = 0.029) remained independent predictors of plasma NTproBNP. The frequency (0.23) of the minor allele rs198358 in the current study was similar to a previous study (0.24) 11 and reported frequency in the European population 1000 Genomes (0.25). No influence of rs198358 on plasma NTproANP level was observed (P = 0.64).
Discussion
Associative studies of NPs with cardio-metabolic health at midlife are important in view of the increasing evidence of their role in maintaining cardiovascular health throughout life. In this first study of all three NPs in subjects without history of heart disease, we provide new evidence of links of paracrine CNP with arterial stiffening and myocardial structural integrity. In both sexes, higher plasma NTproCNP was associated with higher www.nature.com/scientificreports www.nature.com/scientificreports/ arterial elastance and reduced LV stroke volume and lower LV end diastolic volume. Exactly the opposite associations were found with endocrine ANP/BNP: higher concentrations were associated with lower arterial elastance, enhanced LV stroke volume and higher LVEDV. Similar opposing relationships were found in 10 separate metabolic indices recognized as VRFs (Fig. 1) . Overall trends for lower associations of the bioactive forms with both vascular and cardiac indices likely reflects their shorter half-life and greater lability. The SNP variant was found to be independently associated with plasma NTproBNP, suggesting that genetic factors are likely to increase measures of cardiac performance and reduce metabolic risk factors by increasing endocrine BNP. The opposing relationships of CNP are likely to reflect compensatory (protective) responses to vascular and myocardial stress. By eliminating the influence of age -which variously impacts not only vascular and cardiac health but also affects hormonal activity 19 -these new findings illuminate relationships of NPs with function at a critical phase in the course of evolving cardiovascular degenerative disorders. Importantly, they also emphasise the need to distinguish beneficial (physiological) concentrations of BNP in community studies from those associated with impaired cardiac function.
Although in vitro and ex vivo studies point to important roles of CNP/NPR2 signaling in modulating myocardial inflammation and vascular tone 1, 5 , evidence of its importance in humans has been difficult to obtain 7 . In previous studies, which have included subjects with overt heart disease, plasma bioactive CNP concentration was positively correlated with LV volumes 20 , or with a pathological cardiovascular phenotype, LV dysfunction and raised BNP 21 . However, we find at midlife that higher NTproCNP (and CNP) is linked to reduced stroke volume, reduced LV volumes and higher arterial elastance. These findings suggest that an early (adaptive) change in CNP gene expression occurs within cardiac tissues before impaired cardiac function is clinically evident -possibly evoked by increases in peripheral vascular resistance and change in myocardial structural integrity. Relevant here are findings from rodents 22 and ex vivo studies 23 showing the important lusitropic role of the CNP/NPR2 pathway in promoting LV relaxation. This is further supported by the sub-analysis where these links of CNP with LV volumes and arterial elastance were lost after excluding subjects with presumed diastolic dysfunction. Importantly, sex differences were also found. Negative relationships between NTproCNP and LA area and LVESV were stronger in females, and in males (but not females) higher NTproCNP was associated with lower LV mass. www.nature.com/scientificreports www.nature.com/scientificreports/ Complementing these positive associations of CNP with cardiac stress were similar links with a range of metabolic markers affecting cardio-vascular health. Strong positive links of renal function and plasma GGT with NTproCNP were evident in both sexes whereas positive links with other metabolic factors (HOMA, Chol/HDL ratio, TG and HCT) were stronger in women. These associations of NTproCNP with GGT, lipids and insulin activity are likely to be adaptive (compensatory) responses to disordered lipogenesis 24 including hepatic fat accumulation. The findings connect with evidence in rodents where upregulation of CNP expression in hepatic vascular endothelium occurs in response to high fat diets and with evidence from genetic models where enhanced CNP expression in the hepatic endothelium inhibits inflammation and restores insulin activity in hepatic steatosis 25 . The strong positive association of creatinine with plasma NTproCNP (but not with CNP) in both sexes contrasts with the lack of associations with either NTproANP or NTproBNP which are similarly cleared by the kidney 26 and suggests that the kidney itself increases the contribution to plasma levels of NTproCNP as renal function is threatened. Evidence that the CNP gene is expressed in renal tissues, is upregulated in response to renal inflammation 27 and that renin is an independent predictor of NTproCNP (current study) collectively support an important reno-protective role even in settings of normal glomerular function -findings not previously described in humans.
Previous reports of relationships between ANP or BNP with measures of cardiac performance have mostly focused on subjects with cardiac impairment. Less is known of these associations in subjects free of overt cardiac disease 7 . In this context it needs to be emphasized that in health there is a progressive age dependent decrease in LV stroke volume and LV volumes, and increase in LV mass 28 along with increase in LV and arterial elastance in both sexes. Aligning with these age related changes are increases in plasma ANP and BNP. In the current study of subjects -all the same age and with most echo values and plasma NPs within the normal reference rangeunexpected sex specific relationships are revealed which are likely to be relevant to the differing evolution of cardiac pathology in the two sexes 29 . Specifically in both sexes, at midlife higher concentrations of NTproBNP and NTproANP are associated with improved cardio-vascular performance -higher stroke volume, LA area and LV volumes, higher rates of early atrial filling and lower arterial elastance. Notably, stratifying by sex reveals that in males the positive association of NTproBNP and NTproANP with LVESV (also found for the bioactive counterparts), and the negative association with LV elastance (similarly in bioactive forms), are not evident in females whereas links of both peptides with EF were stronger in females. Together with the positive link of NTproANP with LV mass (only found in females), these observations are consistent with previous studies showing increased cardiac remodeling in females 29 in whom both LV and arterial elastance are increased compared to values in males (Table 1 ). Table 3 . Associations between echocardiography parameters and amino terminal natriuretic peptides including a subset of subjects with normal indices of diastolic function. *P < 0.05. www.nature.com/scientificreports www.nature.com/scientificreports/ Numerous studies from the community show that ANP and/or BNP products in plasma are negatively associated with all components of the metabolic syndrome, other than elevated blood pressure 13 . Previous studies have also linked a number of genetic variants affecting ANP 14 and/or BNP 30 products in plasma with components of the metabolic syndrome, whereas other variants are associated with lower blood pressure 31 as well as improved cardiovascular health outcomes and lower cardiovascular mortality 32 . In the latter sequential study of 11,361 subjects aged 45-65 years, a closely related variant (rs198389) was associated with lower blood pressure and higher levels of plasma NTproBNP at each age examined, although at older age the beneficial effect on blood pressure was reduced. The variant we identified (rs198358) is also an independent positive predictor of NTproBNP in both young and older age groups but associated with lower diastolic blood pressure only in young adults. However, the same variant does not predict plasma concentrations of NTproANP as shown in the current study.
The underlying molecular events connecting lower NTproBNP with the diverse array of vascular risk factors measured in this study is likely to be mediated by reduced ANP/BNP receptor (NPR1) signaling -activation of which inhibits adipogenesis and increases mitochondrial efficiency 24 . In light of this evidence, an alternative hypothesis -that acquired disorders of lipogenesis reduce cardiac secretion of BNP peptides 33 -seems less plausible.
Our study has some limitations. Associations of natriuretic peptides with cardiovascular and metabolic health were made at a single time point. Presumably, this and the small number of subjects studied, and the short period of follow up, explain the lack of benefit on health outcomes. Recent work suggests that androgens negatively affect BNP products in both sexes 34 . Although we analysed associations in each sex separately, and have eliminated the influence of age (which reduces androgens in both males and females), effects of androgens on relationships of ANP/BNP with risk cannot be excluded but are likely to be small. The possibility that the positive links of NTproCNP with impaired cardiac and metabolic health reflect resistance to the peptide's actions in tissues 4 rather than an adaptive response to vascular stress -cannot be excluded. Finally although participants were free of heart disease and were asymptomatic, increase in BNP in some may be due to subtle increases in LV hypertrophy and or end diastolic pressure. However their exclusion would be expected to strengthen the positive www.nature.com/scientificreports www.nature.com/scientificreports/ association of NTproBNP with cardiac performance. Notwithstanding these limitations, the remarkably consistent results in young subjects with the current, more detailed, assessment at mid-life add cogency to our findings.
Subjects and Methods
Details of the Canterbury Health Ageing and Life Course (CHALICE) study have been published previously 16 . CHALICE is a multidisciplinary community study of 404 participants aged 49-51 yr recruited randomly from the electoral roll. Ethical approval for the CHALICE study was obtained from the Upper South A Regional Ethics Committee (URA/10/03/021) and conducted in accordance with the Declaration of Helsinki. All procedures were conducted at the University of Otago, Christchurch and Canterbury District Health Board facilities by trained health professionals during the years 2010-13. Details of echocardiography and genotyping are listed in the Supplementary Methods. After obtaining informed written consent, the following assessments relevant to this report were performed: health history (including demographics, ethnicity, chronic morbidities and medications, tobacco consumption (y/n, active at time of study); physical examination (including height, weight, BMI); heart function (including manual and automatic blood pressure, echocardiography); laboratory measures (including fasting urine and blood sampling and bio banking for DNA, routine biochemistry, and plasma storage for measurements of natriuretic peptides). Blood pressure of the non-dominant arm was measured manually in the sitting position after at least a 15 min period of rest using a mercury sphygmomanometer with a large cuff for arm circumference >33 cm.
Established humoral metabolic-cardiovascular risk factors were measured after an overnight fast and included the following:-total cholesterol, total cholesterol/HDL-cholesterol ratio (calculated), triglycerides (TG), HbA1c, glucose, insulin and HOMA-IR (homeostatic model assessment of insulin resistance) 35 . Also measured were less well recognized markers of vascular risk:-hs Troponin T (TnT) 36 , plasma renin activity (PRA) and aldosterone 37 , creatinine 38 , urate 39 , albumin 40 , gamma glutamyl transferase (GGT) 41 and hematocrit 42 using standard www.nature.com/scientificreports www.nature.com/scientificreports/ procedures. eGFR was calculated by the abbreviated MDRD equation 43 . Body surface area (BSA) was calculated using the Mosteller method (BSA = √(height × weight/3600). The protein/creatinine ratio was determined using an early morning urine. Plasma ANP, BNP, CNP, NTproANP, NTproBNP and NTproCNP were assayed as previously described 11, 26 . Intra-and inter-assay coefficients of variations were as follows:-ANP (1.6% and 8.5% at 21 pmol/L); BNP (8.3% and 5.4% at 9.7 pmol/L); CNP (4.4% and 8.3% at 1.8 pmol/L); NTproANP (6.4% and 8.8% at 0.88 nmol/L); NTproBNP (4.9% and 5.9% at 83 pmol/L); NTproCNP (6.6% and 8.1% at 45 pmol/L).
Cardiovascular events (heart failure, angina, myocardial infarction, atrial fibrillation) in the period (up to 5 yr) following enrollment were recorded using information from the National Health Registry ICD codes, and hospital and general practitioner records when appropriate.
Statistics. Differences between groups (males, females) were determined using Mann-Whitney U tests or Fisher's exact test as appropriate. Because sex is known to affect cardiac and vascular phenotypes 29 as well as plasma concentrations of NTproANP, NTproBNP and NTproCNP, univariate associations between natriuretic peptides and risk factors in each sex were separately assessed using Spearman's correlation coefficients. Independence was assessed by multivariable regression analysis using backwards stepwise regression in a model comprising 10 separate variables found significant in univariate analyses. All model assumptions were assessed graphically and NTproANP, NTproBNP, NTproCNP, triglyceride, GGT, HOMA and E/A data were log10-transformed to satisfy parametric assumptions. All tests were two sided and statistical significance was assumed when P < 0.05.
Data Availability
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